Numerous observations suggest that chromosome instability is caused by mitotic abnormalities such as errors in the partitioning of chromosomes. Chfr was recently defined as a central component of a new mitotic checkpoint that delays chromosome condensation in response to mitotic stress. Chfr was shown to be frequently inactivated in several human neoplasms, including colon, lung and esophageal cancers. To test whether Chfr inactivation may lead or participate to chromosomal instability (CIN), we analysed the genetic and epigenetic status of the gene in a large panel of primary colon and breast cancers, as well as in colon and breast cancer cell lines displaying either a microsatellite instability or a CIN. Our results confirm that Chfr is frequently inactivated in colon cancers, through a mechanism of hypermethylation of the promoter sequences. In contrast, the loss of Chfr expression appears to be a rare event in breast cancers. Furthermore, our data demonstrate that Chfr inactivation is not associated with CIN in these frequent types of human cancers.
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Main text
It is now widely accepted that tumorigenesis and cancer progression result from the progressive accumulation of genetic alterations conferring a growth advantage to the cells (Loeb and Christians, 1996; Jackson and Loeb, 1998) . Numerous observations strongly suggest that the generation of multiple mutations is facilitated by a genetic instability acquired in the early steps of malignant transformation. Two major types of instability have been described in solid cancers, based on the model of colorectal cancer . In a small subset of tumors, microsatellite instability (MIN), which is tightly associated with mismatch repair (MMR) deficiency, results in substitutions, deletions or insertions of few nucleotides (Duval and Hamelin, 2002) . Most other sporadic cancers are aneuploid and exhibit an abnormal rate of gross chromosomal abnormalities such as loss of heterozygosity. This latter type of defect is named chromosomal instability (CIN). Despite its relatively common phenotype, the molecular mechanisms giving rise to CIN remain widely undefined. The tumor suppressor p53 acts as the 'guardian of the genome', its inactivation was first proposed to be a major cause of CIN. However, two observations disprove this hypothesis. First, a number of cancers with mutant p53 have been shown to be diploid with no obvious chromosomal defects. Second, Bunz et al. (2002) recently showed that the targeted inactivation of p53 in human cells was not able to cause measurable changes in the structural or numerical stability of chromosomes. Another mechanistic hypothesis relies on the disruption of mitotic checkpoints. Indeed, in vitro, an abnormal partitioning of chromosomes during cell division leads to losses and gains of whole or part of chromosomes (Sen, 2000) . So far, most of the research on mitotic checkpoints has focused on the spindle checkpoint that controls the transition from metaphase to anaphase. However, alterations in the expression or sequence of key factors of this checkpoint have been detected in only a few cases, and their causal effect in the acquisition of CIN remains to be demonstrated (Imai et al., 1999; Sato et al., 2000; Wang et al., 2003) . Scolnick and Halazonetis (2000) recently described a novel mitotic checkpoint, involving the Chfr gene, which delays chromosomal condensation and entry into metaphase when centrosome separation is inhibited by mitotic stress. The Chfr protein has ubiquitin ligase activity, and negatively regulates the activation of Cdc2 kinase at the G2-M transition, by targeting PLK1 for ubiquitination (Kang et al., 2002) . Interestingly, the Chfr is frequently inactivated by an epigenetic mechanism in several human cancers, including colon, lung and esophageal cancers (Mizuno et al., 2002; Shibata et al., 2002; Corn et al., 2003) . Colon and breast cancers frequently harbor a high CIN (Kallioniemi et al., 1994; Tsushimi et al., 2001) . Given the biological role of Chfr in response to mitotic stress, we analysed the genetic and epigenetic status of the Chfr gene in colon and breast cancer cells displaying either MIN or CIN.
To test whether the loss of expression of Chfr is a frequent event in colon and breast carcinogenesis, Chfr mRNA levels were first evaluated in a matched tumor/ normal expression array (Clontech Laboratories, Palo Alto, USA) allowing the parallel analysis of cDNA pairs from tumor and corresponding normal tissues from individual patients (Figure 1a ) (Luker et al., 2001) . Whereas Chfr expression was easily detected in all breast tumor samples tested, eight of 11 (72%) colon cancers demonstrated a significant decrease of expression as compared to their normal counterparts. This preliminary observation led us to hypothesize that the loss of expression of the Chfr gene is a frequent event during colon tumor progression, but not during breast tumor progression. Chfr expression was then evaluated in 46 primary breast cancers and 25 primary colon cancers by real-time RT-PCR. In support of our hypothesis, Chfr gene was expressed in all breast cancer samples, whereas 20 colon tumors displayed a loss of Chfr expression (data not shown).
To further study the potential involvement of Chfr alteration in these two frequent types of human cancers, we next studied the Chfr gene status in 21 . In all, 13 colon cancer cell lines displayed a CIN whereas eight were diploid, with a known inactivation of the MMR process by either hMSH2 or hMLH1 Figure 1 Expression analysis of the Chfr gene. (a) Expression analysis of Chfr using a matched tumor/normal expression array (Clontech, CA, USA), consisting of cDNAs pairs from tumor (T) and corresponding normal (N) tissues from individual patients. Hybridization results obtained with colon and breast samples are presented. A Chfr-specific cDNA fragment was radiolabeled, hybridized overnight at 681C, washed, then exposed to Biomax MS X-ray film. Signal intensities were then evaluated with a phosphoimager apparatus. (b) Expression analysis of 21 colorectal cancer cell lines (eight MIN and 13 CIN) by Northern blot. Northern blot analysis was performed using 10 mg of total RNA according to the standard protocol. To verify equal loading of RNA in each lane, the gel was stained with ethidium bromide before transfer of RNA to nylon membranes. The chfr-specific probe (623 pb) was generated by PCR using 5 0 -AGT CCA GGA TTA CGT GTG CCC-3 0 (sense) and 5 0 -CCT CCA GTG CTG CTG AAA GCT GCT C-3 0 (antisense) primers
Chromosomal instability in colon cancers J Bertholon et al mutation leading to MIN (Wheeler et al., 1999; Gayet et al., 2001) . All breast cancer cell lines were aneuploid with the exception of HME-1 and Cal-51 (Gioanni et al., 1990; Forozan et al., 2000; Kytola et al., 2000; Rummukainen et al., 2001 ). In the initial study by Scolnick and Halazonetis (2000) , a missense mutation was identified in the cysteinrich region of Chfr resulting in a loss of function, in the U2OS osteosarcoma cell line. Consequently, in a first approach to evaluate the status of Chfr, we studied the entire coding sequence (17 exons) of the gene in all breast and colon cancer cell lines. No chfr mutation was detected, confirming that gene alteration is not a common mechanism for Chfr inactivation.
Then, we studied Chfr expression in all 42 cancer cell lines using Northern blot and real-time RT-PCR. Results obtained with both methodologies were highly correlated. All breast cancer cell lines exhibited a significant, although variable, expression of Chfr, confirming that the loss of Chfr expression is a rare event in breast carcinogenesis (data not shown). In contrast, undetectable or very low levels of Chfr mRNA were found in 12 of the 21 (57%) colorectal cell lines (Figure 1b , Table 1 ). More specifically, five of the 13 (38%) CIN colon cancer cell lines, and four of the eight (50%) MIN colon cancer cell lines showed a complete loss of Chfr expression. The latter observation demonstrates that Chfr inactivation is not sufficient to cause CIN.
We next studied the molecular mechanisms underlying the loss of expression of the Chfr gene in colon cancer cells. Numerous studies have demonstrated that the hypermethylation of promoter CpG islands represents an important mechanism in the inactivation of specific gene expression during tumorigenesis; besides, recent data showed an abnormal methylation of the Chfr gene in a variety of human cancer cells (Mizuno et al., 2002; Shibata et al., 2002; Corn et al., 2003) . Thus, hypermethylation was plausibly responsible for the loss of expression in our samples. To analyse this hypothesis, demethylation studies were first carried out. Treatment with 5-aza-dC restored Chfr gene expression in the cells with a loss of Chfr transcription, as assessed by real-time RT-PCR (data not shown). These results strongly suggested that methylation plays a causal role in Chfr gene silencing in colorectal cancer cells. Hypermethylation in CpG islands of Chfr promoter was then further determined by a PCR-based methylation assay. In this assay, all unmethylated cytosines are converted to uracil by treatment with sodium bisulfite, followed by methylation-specific PCR. In order to determine the extension and the involvement of specific CpG sequences with abnormal methylation, a 498 bp fragment ( þ 20-À478) encompassing more than 50 CpG sequences within the promoter was amplified from six cell lines with or without endogenous Chfr expression after sodium bisulfite treatment. Subsequent PCR products were then cloned and more than 10 clones of each cell line were sequenced. As shown in Figure 2a , CpG sites in cell lines with no endogenous Chfr expression were frequently methylated. On the basis of this observation, PCR primers were designed from the sequences encompassing the CpG sites sensitive to methylation in order to amplify specifically methylated (M primer set) or unmethylated (U primer set) CpG sequences. Once validated in sequenced clones, the methylation-specific PCR was carried out on a larger panel of cancer cell lines. In support of our previous observations, none of the 19 (0%) breast cancer cell lines showed a methylation of the Chfr DNA sequences, whereas nine of the 21 (43%) colon cancer cell lines displayed a complete methylation, indicating that the epigenetic silencing of Chfr is a tissue-specific mechanism ( Figure 2b and Table 1 ). Finally, to investigate whether the aberrant methylation of the Chfr promoter was a relevant process in vivo, we further analysed the methylation status of 22 primary colon cancers matched with adjacent normal tissues. Aberrant methylation was observed in eight samples (36%) (data not shown).
Numerous observations suggest that CIN is caused by mitotic abnormalities such as errors in the partitioning of chromosomes (Paulovich et al., 1997; Cahill et al., 1998) . Chfr was recently defined as a central component of a new mitotic checkpoint that delays chromosome condensation in response to mitotic stress; besides, in vitro, Chfr-deficient cells subjected to mitotic stress condense their chromosomes despite failing to separate their centrosomes (Scolnick and Halazonetis, 2000) . The role of Chfr as a monitor of centrosome function led us to hypothesize that the loss of Chfr may participate in the acquisition of genetic instability. Indeed, it is now accepted that mitotic fidelity is directly dependent on normal centrosome function. As the centrosome is involved in the control of chromosome segregation, it has been hypothesized that the deregulation of centrosome duplication affects centrosome number and promotes aneuploidy, both common features of human breast and colon cancer cells (Doxsey, 2002) . In support Chromosomal instability in colon cancers J Bertholon et al of this hypothesis, centrosome amplification is detected in early cancer lesions and is highly associated to aneuploidy and chromosomal instability (Lingle et al., 2002) . Indeed, a comparison of MMR-deficient diploid versus MMR-proficient aneuploid colorectal carcinoma cell lines revealed the exclusive occurrence of centrosome amplification and instability in all aneuploid tumor cell lines analysed (Ghadimi et al., 2000) . Furthermore, the overexpression of the STK15 kinase (Aurora-A) and the POLO kinase (PLK1), which are among the kinases that colocalize with the centrosome, can induce centrosome amplification and aneuploidy in cell lines (Sen et al., 1997; Zhou et al., 1998) . It is worth noting that PLK1 is a known target of Chfr for ubiquitin-dependent proteolysis (Kang et al., 2002) . All these observations are consistent with a role of Chfr inactivation in the acquisition of a CIN. Nevertheless, our data clearly demonstrate that Chfr inactivation is not associated with CIN in cancer cells. First, the loss of expression was not observed in breast cancers, whereas centrosomal abnormalities are clearly associated to genomic instability in this tumor type. In contrast, the epigenetic inactivation of Chfr is a frequent event in colorectal cancer cells, as confirmed in a recent report (Corn et al., 2003) . However, this inactivation is present in aneuploid cancer cells as well as in diploid cancer cells with MMR deficiency, clearly indicating that Chfr disruption alone does not cause CIN. Conversely, the observation of normal Chfr levels, in the absence of genetic alteration, in CIN cancer cells, suggests that Chfr inactivation is not necessary for CIN. However, it is important to note that our observations do not discard the hypothesis of a role of Chfr alteration in the maintenance of genomic instability. Indeed, it remains . Bisulfite reactions were carried out using reagents provided in the CpGenome DNA Modification Kit (Serologicals, Corporation, Norcross, CA, USA). Briefly, 1 mg of genomic DNA was denatured with NaOH and treated 16 h with sodium bisulfite following the manufacturer's recommendations. After purification, the bisulfiteconverted DNA was PCR amplified using a primer set that spanned a CpG-rich region within the Chfr promoter. Subsequent PCR products were cloned and sequenced. More than 10 clones from each cell line were analysed to obtain the percentage of methylation. (b) Analysis by methylation-specific PCR (MSP) of the promoter region of the Chfr gene. PCR was performed with methylation-specific primers, 5 0 -ATA TAA TAT GGC GTC GAT C-3 0 (sense) and 5 0 -TCA ACT AAT CCG CGA AAC G-3 0 (antisense); unmethylation-specific primers, 5 0 -ATA TAA TAT GGT GTT GAT T-3 0 (sense) and 5 0 -TCA ACT AAT CCA CAA AAC A-3 0 (antisense), using 150 ng of the bisulfite-modified genomic DNA as template under the following PCR conditions: one cycle at 951C for 15 min; 40 cycles at 941C for 1 min, 58 or 501C for 1 min, 721C for 1 min; and one cycle at 721C for 5 min. PCR products were analysed by agarose-gel electrophoresis and ethidium bromide staining. Lanes U, amplification with primers recognizing unmethylated Chfr alleles. Lanes M, amplification with primers recognizing methylated Chfr. ( þ ) and (À) indicate the presence or absence of Chfr mRNA, as evaluated by real-time RT-PCR and Northern blot analysis possible that, in the presence of other genetic or epigenetic alterations, the loss of Chfr could exacerbate a pre-existing tendency toward such instability.
The process of a hypermethylation of the Chfr promoter sequence is relevant in vivo, since levels of methylated DNA are significantly higher in primary colon cancer cells as compared to their normal counterparts from the same patients, as evaluated by MSP analysis. As demonstrated in cancer cell lines, there is no association with the type of genetic instability (MIN versus CIN). The biological significance of the high frequency of Chfr inactivation in MIN colorectal cancers remains unknown. It may either indicate that the loss of Chfr is a central event in colorectal carcinogenesis, or that it reflects a more general anomaly such as epigenetic instability. Indeed, it has been proposed that a CpG islands methylator phenotype, strongly associated with MMR deficiency, results in unusually widespread hypermethylation and simultaneous silencing of multiple genes (Ahuja et al., 1997; Toyota et al., 1999) . Additional studies should help to clarify this issue.
